Raman scattering experiments on LaFeAsO with splitted antiferromagnetic (TAF M = 140 K) and tetragonal-orthorhombic (TS = 155 K) transitions show a quasi-elastic peak (QEP) in B2g symmetry (2 Fe tetragonal cell) that fades away below ∼ TAF M and is ascribed to electronic nematic fluctuations. A scaling of the reported shear modulus with the T −dependence of the QEP height rather than the QEP area indicates that magnetic degrees of freedom drive the structural transition. The large separation between TS and TAF M in LaFeAsO compared with their coincidence in BaFe2As2 manifests itself in slower dynamics of nematic fluctuations in the former. The discovery of Fe-based superconductors (FeSCs) with high transition temperatures (above 100 K in FeSe films [1]) triggered much interest on these materials [2][3][4][5]. Nematicity, characterized by large in-plane electronic transport anisotropy [6], is normally observed below a tetragonal-orthorhombic transition temperature T S , and seems to be also present in other high-T c superconductors [7]. Also, divergent nematic susceptibility in the optimal doping regime suggests that nematic fluctuations play an important role in the superconducting pairing mechanism [8] . Thus, investigations of the nematic order and fluctuations in FeSCs and their parent materials are pivotal to unraveling the origin of high-T c superconductivity. Clearly, it is necessary to identify the primary order parameter associated with the nematic phase [4, 5]. A relation between nematicity and magnetism is suggested by the near coincidence between T S and the antiferromagnetic (AFM) ordering temperature T AF M in some materials, most notably BaFe 2 As 2 with T AF M ∼ T S = 138 K [9, 10] . In fact, the magnetic ground state is a stripe AFM phase that breaks the 4-fold tetragonal symmetry of the lattice (see Fig. 1(a) ), providing a natural mechanism for electronic anisotropy. On the other hand, T S and T AF M are significantly separated for LaFeAsO (LFAO) (T AF M = 140 K and T S = 155 K) [11] [12] [13] , while FeSe does not order magnetically at ambient pressure but still shows a nematic transition at T S = 90 K [14], motivating suggestions that the nematic transition may be driven by charge/orbital degrees of freedom rather than magnetism in the latter [16, 17] . However, even for FeSe the magnetic scenario may still apply [18] . In * Present address: Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA.
Raman scattering experiments on LaFeAsO with splitted antiferromagnetic (TAF M = 140 K) and tetragonal-orthorhombic (TS = 155 K) transitions show a quasi-elastic peak (QEP) in B2g symmetry (2 Fe tetragonal cell) that fades away below ∼ TAF M and is ascribed to electronic nematic fluctuations. A scaling of the reported shear modulus with the T −dependence of the QEP height rather than the QEP area indicates that magnetic degrees of freedom drive the structural transition. The large separation between TS and TAF M in LaFeAsO compared with their coincidence in BaFe2As2 manifests itself in slower dynamics of nematic fluctuations in the former. The discovery of Fe-based superconductors (FeSCs) with high transition temperatures (above 100 K in FeSe films [1] ) triggered much interest on these materials [2] [3] [4] [5] . Nematicity, characterized by large in-plane electronic transport anisotropy [6] , is normally observed below a tetragonal-orthorhombic transition temperature T S , and seems to be also present in other high-T c superconductors [7] . Also, divergent nematic susceptibility in the optimal doping regime suggests that nematic fluctuations play an important role in the superconducting pairing mechanism [8] . Thus, investigations of the nematic order and fluctuations in FeSCs and their parent materials are pivotal to unraveling the origin of high-T c superconductivity. Clearly, it is necessary to identify the primary order parameter associated with the nematic phase [4, 5] . A relation between nematicity and magnetism is suggested by the near coincidence between T S and the antiferromagnetic (AFM) ordering temperature T AF M in some materials, most notably BaFe 2 As 2 with T AF M ∼ T S = 138 K [9, 10] . In fact, the magnetic ground state is a stripe AFM phase that breaks the 4-fold tetragonal symmetry of the lattice (see Fig. 1(a) ), providing a natural mechanism for electronic anisotropy. On the other hand, T S and T AF M are significantly separated for LaFeAsO (LFAO) (T AF M = 140 K and T S = 155 K) [11] [12] [13] , while FeSe does not order magnetically at ambient pressure but still shows a nematic transition at T S = 90 K [14] , motivating suggestions that the nematic transition may be driven by charge/orbital degrees of freedom rather than magnetism in the latter [16, 17] . However, even for FeSe the magnetic scenario may still apply [18] . In Ba(Fe 1−x Co x ) 2 As 2 and other doped systems, the splitting between T AF M and T S increases with doping [9, 15] . Overall, the primary order parameter that drives the structural/nematic transition at T S and the dominating mechanism of T AF M /T S separation in parent FeSCs are not fully settled yet.
Raman scattering was recently employed as a probe of nematic fluctuations in FeSCs and their parent materials. In A(Fe 1−x Co x ) 2 As 2 (A = Ca, Sr, Ba, Eu) [1, 4, 19, 21, 22, 24, 25] , Ba 1−p K p Fe 2 As 2 [25] , FeSe [26, 27] and NaFe 1−x Co x As [28] , a quasi-elastic peak (QEP) with B 2g symmetry (considering the 2 Fe tetragonal cell, see Fig. 1(a) ) has been observed and interpreted in terms of either charge/orbital [21, 22, 24, 26, 29] or spin [4, 25, 30, 31] nematic fluctuations. An unambiguous experimental identification of the nature of the fluctuations generating the B 2g Raman QEP (charge/orbital or magnetic) is challenging due to the inherent coupling between the corresponding degrees of freedom. Despite such extensive investigations in several materials, no Raman study of the nematic fluctuations in the key parent compound LFAO has been carried out yet. In this work, we fill this gap and investigate in detail the temperature dependence of both electronic and phonon Raman scattering in LFAO.
Details of the synthesis procedure and basic characterization of the crystal employed in this work, showing T S = 155 K and T AF M = 140 K, are described elsewhere [12, 32] . A fresh ab surface with ∼ 1 × 1 mm 2 was obtained by cleaving the crystal and immediately mounting it at the cold finger of a closed-cycle He cryostat. The polarized Raman spectra were taken in quasibackscattering geometry using the 488.0 nm line as exciting source focused into the ab surface with a spot of ∼ 50 µm diameter. A triple 1800 mm Symmetry analysis indicates that four Raman-active phonons are accessible by our experimental geometry in both tetragonal (2A 1g and 2B 1g ) and orthorhombic (2A g and 2B 1g ) phases. Illustrations of such modes are given in Fig. 1(b) (see also Ref. [33] ). The raw Raman spectra in the phonon region at distinct linear polarizations are given in Figs. 1(c) (T = 20 K) and 1(d) (T = 290 K). The B 1g modes observed at 203 and 317 cm −1 at T = 290 K are ascribed to Fe and O vibrations along c, respectively [33] , while the A 1g modes at 164 and 208 cm −1 are ascribed to As and La vibrations along c. The position of the 164 cm −1 mode is comparable to that reported for the As mode in NaFeAs (163 cm −1 [34] ) and in AFe 2 As 2 (A = Ca, Sr, Ba) (180-190 cm −1 [1] [2] [3] 36] ). The T -dependence of this phonon was investigated in detail (see SM). Its linewidth at low-T is resolution-limited, suggesting a high crystalline quality, and shows a maximum at T ∼ T AF M with no anomaly at T S . Frequency anomalies are observed for this mode at both T S and T AF M . Finally, an enhancement in XY polarization is observed below T AF M , which is similar to related systems [1] [2] [3] [4] and is due to the coupling of this phonon with anisotropic electronic states in the magnetic phase [5] .
The Raman response χ (ω, T ) is related to the raw intensity I through the relation I = (1 + n)χ (ω, T ) + D, where n ≡ 1/(e ω/k B T − 1) is the Bose-Einstein statistical factor and D is an intensity offset (for details, see SM). Figures 2(a-e) show χ (ω, T ) in XY polarization corresponding to B 2g symmetry in the 2 Fe tetragonal cell. These measurements were made with much less laser power (∼ 3 mW) than for the data shown in Fig. 1 (∼ 10 mW) , in order to minimize laser heating effects [4] , and were also taken with 4× less exposure times due to the large number of investigated temperatures. These limitations resulted in poorer signal-tonoise in the data shown in Figs. 2(a-e). An 8-pointaverage smoothing is applied in these data for better visualization of the broad electronic Raman signal. A linear component for χ B2g (ω, T ) is observed in the frequency region below 600 cm −1 , which is enhanced below T AF M . Measurements performed on an extended frequency region show this component is part of broad peaks at ∼ 2400 − 3000 cm −1 (see SM). A similar structure was found in BaFe 2 As 2 and attributed to two-magnon scattering [7] . An additional scattering channel, which is most evident at low frequencies (ω 150 cm −1 ), is observed in this symmetry and enhances on cooling down to ∼ 140 K, fading away on further cooling. This contribution is satisfactorily fitted by a quasi-elastic peak (QEP) (χ ) Figs. 2(a-d) ), corresponding to a Lorentzian lineshape for (χ ) 
R a m a n S h i f t ( c m -1 ) As for the other FeSCs [4, 21, 22, [24] [25] [26] [29] [30] [31] , we ascribe the B 2g QEP in LFAO to electronic nematic fluctuations. In principle, the Raman intensity may be dominated either by charge/orbital or spin nematic fluctuations. The significant residual nematic fluctuations observed between ∼ 120 K and T AF M (see Figs. 3(a,c) ) are consistent with 75 As NMR measurements that show coexisting AFM and paramagnetic regions in this T -interval , [40]; the paramagnetic regions are expected to host the residual nematic fluctuations observed here. Intriguingly, the temperature where the QEP area and height are maxima, T max , does not coincide with the bulk-average T S , contrary to other parent FeSCs [4, 26] . This deviation is likely related to the broad T interval where tetragonal and orthorhombic domains coexist and fluctuate [41] . In this scenario, while the QEP intensity per orthorhombic unit volume is expected to be reduced on cooling, the inverse tendency is found for the remaining tetragonal domains, leading to T max < T S . Still, the nematic fluctuations in LFAO are clearly sensitive to T S , as demonstrated by the sharpening of the B 2g QEP below T S (see Fig. 3(d) ). In fact, this is a manifestation of slower nematic fluctuations in the orthorhombic phase. This is again qualitatively consistent with 75 As NMR results that show a slowing down of the magnetic dynamics below T S [40] and may be also related with the enhancement of the magnetic correlation length below T S observed in inelastic neutron scattering measurements [32] .
We discuss our results considering separately the independent scenarios where charge/orbital or spin nematic fluctuations dominate the intensity of the B 2g Raman QEP. Starting with the charge/orbital scenario (scenario A), the bare static nematic susceptibility χ [21, 22] , corresponding to the QEP area A(T ) in our analysis. An attempted scaling of χ (0) nem (T ) obtained in this way and the polycrystalline shear modulus C S extracted from Ref. [11] , i.e., C S (T )/C S (300 K)= 1 − bA(T ) [22] , is given in Fig. 4 , where b is a free parameter (see footnote [42] ). In our analysis, we tentatively varied b to scale A(T ) to C S (T ) either at T T S (empty triangles in Fig. 4 ) or at T ∼ 200 K >> T S (filled triangles). However, no value for b yielded a satisfactory scaling for the entire investigated interval T S < T 200 K. The lack of scaling between the shear modulus and the QEP area, interpreted under scenario A, indicate that the charge/orbital fluctuations do not drive the structural transition at T S , and an additional electronic nematic degree of freedom, presumably the magnetic one, is driving the phase transitions in LFAO [5] . This reasoning closely follows that presented in Ref. [21] for BaFe 2 As 2 .
We now explore the alternative scenario where spin nematic fluctuations dominate the intensity of the B 2g Raman QEP (scenario B). In this case, the dynamical electronic nematic susceptibility is not given directly by (χ ) B2g QEP (ω, T ), and therefore a Kramers-Kronig transformation does not apply to extract χ Fig. 3(c) ), is the bare nematic transition temperature in the absence of the magneto-elastic coupling that induces the transition at higher temperatures. Figure 4 displays a scaling of the polycrystalline shear modulus to the peak height, C S (T )/C S (300 K)= 1−b A(T )/Γ(T ), showing an excellent agreement for the entire investigated interval. Therefore, independently of the assumption on the detailed nature of the Raman B 2g QEP, our analysis supports the scenario where the nematic transition is magnetically driven.
The thermal evolution of the relaxation rate Γ B2g provides further insight into the nematic transition. At T ∼ 200 K one has Γ B2g ∼ 10 meV (∼ 80 cm −1 ), see Fig. 3(b) , which is on the same energy scale of the optical phonons (see Fig. 1 ). However, the nematic fluctuations slow down continuously on cooling (see Fig. 3(b) ). Presumably, as the nematic fluctuation rate become significantly smaller than the typical optical phonon frequencies, local and instantaneous orthorhombic distortions are expected to rise and accompany the electronic nematic correlations. We suggest that at T S the growing lattice strain caused by the local orthorhombic distortions finally drive the formation of a long-range orthorhombic phase, i.e., the so-called nematic phase. Immediately below T S the nematic fluctuations are slowed down further (see Fig. 3(d) ). This is likely associated with changes in the J a and J b nearest-neighbor exchange integrals, partially releasing the magnetic frustration and allowing for increased magnetic correlation lengths [32] .
Further inspection of our results gives insight into the large separation between T S and T AF M ( 15 K) compared to their near coincidence in BaFe 2 As 2 . We note that at T = 163 K, for instance, the maximum of χ B2g (ω, T ), corresponding to the QEP linewidth Γ, is 43(2) cm −1 for LFAO (see Fig. 2(c) and 3(d) ), much smaller than ∼ 100 cm −1 for BFA at this temperature [21] . Such slower nematic fluctuations in LFAO preempt the stabilization of orthorhombic domains significantly above T AF M . This scenario may also give insight into the nematic transition of other FeSCs. For instance, a B 2g QEP has also been reported [26] for FeSe, which also gradually sharpens on cooling, reaching Γ ∼ 30 cm −1 at T S , which is comparable to the observed Γ for LFAO in the nematic phase (see Fig. 3(d) ).
In summary, polarized Raman scattering in LaFeAsO reveals a quasi-elastic B 2g scattering channel from nematic fluctuations above ∼ T AF M . An analysis of the T -dependence of this signal supports the conclusion that magnetism is the primary order parameter driving the phase transitions in this material. Relatively slow electronic nematic fluctuations preempt T S and arguably signal the separation between T S and T AF M .
We thank R. M. Figure S1 (a) shows the temperature-dependence of the relative intensity of the As mode in XY with respect to Y Y polarizations (see also Fig. 1 of the main text) . An enhancement of this mode in XY polarization is observed below T AF M . This is similar to observed in related systems [1] [2] [3] [4] and can be ascribed to the coupling of this phonon with anisotropic electronic states in the magnetic phase. [5] Figures S1(b) and S1(c) show the frequency ω As 0 and linewidth Γ As of this mode. Frequency anomalies are observed at both T S and T AF M , the latter being likely due to spin-phonon coupling, [6] while the phonon linewidth shows a maximum at T ∼ T AF M with no anomaly at T S . The linewidth of this mode at low-T is resolution-limited, suggesting a high crystalline quality an homogeneity, at least within the relatively small sample region probed by the laser spot.
Extraction of the Raman response from the raw intensities
As discussed in the main text, the raw intensity I (after subtraction of the dark noise) and the Raman response χ (ω, T ) are related by the expression I = (1 + n)χ (ω, T ) + D, where n is the Bose-Einstein statistical factor and D represents an intensity offset. The offset, which is frequency-independent over the limited spectral interval of interest to this work (ω < 600 cm −1 ), may be due to a combination of residual stray light in the spectrograph stage of our instrument and luminescence. D was subtracted from the raw intensity prior to the Bose-Einstein correction in order to avoid distorting the Raman susceptibility spectra. Non-systematical variations of D the order of 20 % were observed as the laser spot moved slightly along the sample surface at different temperatures. Figure S2 shows the raw intensity spectra in XY polarization for T = 280 K and 150 K. At T = 280 K, the intensity follows a linear ω−dependence down to the lowest frequencies. This indicates that no significant intrinsic Raman intensity is present for ω → 0 at T = 280 K, which otherwise would be highly amplified by the Bose-Einstein statistical factor in the low-ω region leading to a non-linear contribution to the raw intensity. Thus, the raw intensity for ω → 0 at T = 280 K was taken as the offset D(280 K). At T = 150 K, a significant quasi-elastic intensity is also observed, associated with the nematic fluctuations (see main text). The offset D(150 K) was then taken as the extrapolation to ω = 0 of a linear fit taken in the region 300 < ω < 600 cm −1 (see Fig. S2 ). This procedure was repeated for all investigated temperatures and polarizations.
Raman response at different polarizations; two-magnon scattering
Although the focus of this work is on the B 2g quasielastic peak (QEP) obtained in XY polarization, the electronic Raman signal of LaFeAsO was also investigated for the other accessible linear polarizations. Figures S3(a-c) show the Raman response for B 2g , A 1g +B 1g and B 1g symmetries, respectively, at selected temperatures and ω < 600 cm −1 . Besides the phonon modes and the B 2g QEP discussed in the main text, an additional signal that increases almost linearly with frequency in this range is observed for all polarizations. Figures  S4(a-d) show the spectra at T = 40 K over an extended frequency region. Broad peaks were observed at ∼ 2400 and ∼ 3100 cm seem to contain a combination of these contributions. It is important to notice that the linear component observed for ω < 600 cm −1 in XY polarization is actually the lower-frequency limit of this broad scattering. Further insight into the nature of this contribution is gained by the T -dependence of the slope of the linear component in the frequency range 300 < ω < 600 cm −1 in XY polarization, using the data of Fig. 2 of the main text. Notably, this slope increases significantly below T N . Thus, the linear contribution is not associated with nematic fluctuations, and can be safely excluded from the computation of the instantaneous nematic susceptibility. In fact, for BaFe 2 As 2 , broad signals centered at high frequencies were also observed and ascribed to two-magnon scattering. [7] This identification is consistent with the temperature-dependence shown in Fig. S5 .
